The calcium-sensing receptor complements parathyroid hormone-induced bone turnover in discrete skeletal compartments in mice. Am J Physiol Endocrinol Metab 302: E841-E851, 2012. First published January 24, 2012; doi:10.1152/ajpendo.00599.2011.-Although the calcium-sensing receptor (CaSR) and parathyroid hormone (PTH) may each exert skeletal effects, it is uncertain how CaSR and PTH interact at the level of bone in primary hyperparathyroidism (PHPT). Therefore, we simulated PHPT with 2 wk of continuous PTH infusion in adult mice with deletion of the PTH gene (Pth Ϫ/Ϫ mice) and with deletion of both PTH and CaSR genes (Pth Ϫ/Ϫ -Casr Ϫ/Ϫ mice) and compared skeletal phenotypes. PTH infusion in Pth Ϫ/Ϫ mice increased cortical bone turnover, augmented cortical porosity, and reduced cortical bone volume, femoral bone mineral density (BMD), and bone mineral content (BMC); these effects were markedly attenuated in PTH-infused Pth Ϫ/Ϫ -Casr Ϫ/Ϫ mice. In the absence of CaSR, the PTH-stimulated expression of receptor activator of nuclear factor-B ligand and tartrate-resistant acid phosphatase and PTH-stimulated osteoclastogenesis was also reduced. In trabecular bone, PTH-induced increases in bone turnover, trabecular bone volume, and trabecular number were lower in Pth Ϫ/Ϫ -Casr Ϫ/Ϫ mice than in Pth Ϫ/Ϫ mice. PTH-stimulated genetic markers of osteoblast activity were also lower. These results are consistent with a role for CaSR in modulating both PTH-induced bone resorption and PTH-induced bone formation in discrete skeletal compartments. (40) and their osteoblastic progeny (4, 34), resulting in increased bone turnover in both cortical and trabecular bone and producing either net bone loss or net bone gain. In the fetus (27) and neonate (52), endogenous PTH is required for normal trabecular bone formation, and in both neonates and adult animals, exogenous PTH, when administered intermittently, can have an anabolic effect predominantly by increasing trabecular bone formation, although it may also concomitantly produce a small reduction in cortical bone (9, 29, 48) . Primary hyperparathyroidism (PHPT) and continuous rather than intermittent PTH treatment induce cortical bone loss at least in part by enhancing endosteal bone resorption and intracortical bone resorption (17, 25, 36) . Although severe, persistent elevations of PTH levels may also lead to trabecular bone loss (17), both PHPT and continuous PTH treatment often produce a modest increase in trabecular bone (33, 44, 54) . The catabolic effect of PTH has been shown to be mediated in part by enhanced production of the cytokine receptor activator of nuclear factor-B ligand (RANKL) and by decreased production of the RANKL decoy receptor osteoprotegerin (OPG) by BMSC and osteoblasts (26, 49) .
mice increased cortical bone turnover, augmented cortical porosity, and reduced cortical bone volume, femoral bone mineral density (BMD), and bone mineral content (BMC); these effects were markedly attenuated in PTH-infused Pth Ϫ/Ϫ -Casr Ϫ/Ϫ mice. In the absence of CaSR, the PTH-stimulated expression of receptor activator of nuclear factor-B ligand and tartrate-resistant acid phosphatase and PTH-stimulated osteoclastogenesis was also reduced. In trabecular bone, PTH-induced increases in bone turnover, trabecular bone volume, and trabecular number were lower in Pth Ϫ/Ϫ -Casr Ϫ/Ϫ mice than in Pth Ϫ/Ϫ mice. PTH-stimulated genetic markers of osteoblast activity were also lower. These results are consistent with a role for CaSR in modulating both PTH-induced bone resorption and PTH-induced bone formation in discrete skeletal compartments. absorption, and also produces net bone resorption with resultant mobilization of skeletal Ca 2ϩ (14) . To defend against an increase in [Ca 2ϩ ] e , [Ca 2ϩ ] e can itself activate a cation-sensing G protein-coupled receptor [calcium-sensing receptor (CaSR)] to inhibit release of PTH and diminish renal calcium reabsorption (3) . Both PTH and [Ca 2ϩ ] e , acting via CaSR, can exert complex effects in bone. The actions of PTH in bone ensue from its binding to the PTH1R on bone marrow stromal cells (BMSC) (40) and their osteoblastic progeny (4, 34) , resulting in increased bone turnover in both cortical and trabecular bone and producing either net bone loss or net bone gain. In the fetus (27) and neonate (52) , endogenous PTH is required for normal trabecular bone formation, and in both neonates and adult animals, exogenous PTH, when administered intermittently, can have an anabolic effect predominantly by increasing trabecular bone formation, although it may also concomitantly produce a small reduction in cortical bone (9, 29, 48) . Primary hyperparathyroidism (PHPT) and continuous rather than intermittent PTH treatment induce cortical bone loss at least in part by enhancing endosteal bone resorption and intracortical bone resorption (17, 25, 36) . Although severe, persistent elevations of PTH levels may also lead to trabecular bone loss (17) , both PHPT and continuous PTH treatment often produce a modest increase in trabecular bone (33, 44, 54) . The catabolic effect of PTH has been shown to be mediated in part by enhanced production of the cytokine receptor activator of nuclear factor-B ligand (RANKL) and by decreased production of the RANKL decoy receptor osteoprotegerin (OPG) by BMSC and osteoblasts (26, 49) .
CaSR has been reported to function in vitro in a variety of skeletal cells, including BMSC, osteoblasts, monocytes/macrophages, and osteoclasts (6) . By in situ hybridization, CaSR transcripts have been found mainly in osteoblasts, osteocytes, and bone marrow cells but rarely in mature osteoclasts. In vivo studies have shown that transgenic mice, with a constitutively active mutant CaSR targeted to mature osteoblasts, demonstrate enhanced bone resorption due to an associated increase in RANKL (10) . Although bone formation rates were unchanged in this model, bone mineral density (BMD) and bone volume decreased. In contrast, mice with osteoblast-specific deletion of CaSR exhibit undermineralized skeletons (5) . CaSR also mediates alterations in bone turnover in murine neonates in response to changes in dietary calcium and modulates PTH-stimulated bone turnover, which is required for bone anabolism (43) . In adult mouse models we recently provided evidence that the absence of [Ca 2ϩ ] e -stimulated CaSR activity reduces bone resorption (37), and we (30) and others (11) have provided evidence in vivo in rodent models for the effect of an allosteric activator of CaSR, cinacalcet, to increase the number and activity of osteoclasts.
Mice homozygous for the CaSR-null mutation (Casr (13, 19, 38, 42) . The pumps were implanted subcutaneously into the back of the necks of mice under anesthesia (100 mg/kg ketamine and 3 mg/kg xylazine), and the incision was closed according to the manufacturer's instructions. All procedures were performed aseptically. Mice were euthanized 2 wk later. Serum was prepared for analysis of calcium, phosphorus, hPTH , and 1,25(OH) 2D levels. Urine was taken directly from the bladder for assessment of the calcium/creatinine ratio. Humeri were harvested for analysis of gene expression, as described subsequently. Femora were harvested, fixed in 2% paraformaldehyde containing 0.075 mM lysine and 0.01 mM sodium periodate (PLP) for 12 h, and stored in 75% ethanol at 4°C until the samples were processed.
Serum and urine analysis. Serum and urine calcium and serum phosphorus levels were determined by QuantiChrom calcium or phosphorus assay kits (BioAssay Systems, Hayward, CA). Serum 1,25(OH)2D was measured by ELISA (ImmunoDiagnostic Systems, Fountain Hills, AZ). Serum hPTH(1-34) was measured by ELISA (Immunotopics, San Clemente, CA). Urine creatinine was determined by QuantiChrom creatinine assay kit (BioAssay Systems, Hayward, CA).
Histology and histomorphometry. Fixed femora were processed histologically, as described elsewhere (51) . In brief, decalcified femora were dehydrated and embedded in paraffin, after which 5-m sections were cut on a rotary microtome. The sections were stained with hematoxylin and eosin (H & E) for osteoblasts or histochemically for tartrate-resistant acid phosphatase (TRACP) activity as an osteoclast marker. Calcified femora were embedded in low-temperature methyl methacrylate (Sigma Chemical), and 4-m sections were cut with a diamond knife. The sections were stained histochemically for alkaline phosphatase (ALP) and for mineral using the Goldner trichrome staining procedure.
Slides were inspected visually under a bright field using a Zeiss microscope (Carl Zeiss Canada, Toronto, ON, Canada). The digital images of three nonoverlapping fields per slide were collected with a Retiga 1300 digital camera (Q Imaging, Burnaby, BC, Canada). Images were processed using Image J 1.38 software from the National Institutes of Health (http://rsb.info.nih.gov). ALP-positive area was determined as the percentage of ALP-positive area relative to trabecular bone area or cortical bone area. Osteoid volume was calculated as a percentage of trabecular or cortical bone volume from undecalcified Goldner trichrome-stained sections, as described previously (51) . The number of osteoblasts was determined from H & E-stained sections, and the number of osteoclasts was determined from TRACP-stained sections. Cells were identified visually, traced manually, counted automatically, and reported as cell numbers per millimeter of bone perimeter in trabecular bone or per millimeter squared of tissue area in cortical bone. Quantitative histomorphometry was used to measure bone parameters in the metaphyseal region 0.5-2.0 mm proximal to the metaphyseal side of the growth plate of the femur for trabecular bone or in the diaphyseal region for cortical bone.
Microcomputed tomography and dual-energy X-ray absorptiometry. Microcomputed tomography (CT) scans were performed on fixed femora using a high-resolution CT scanner (SkyScan-1072, Aartselaar, Belgium), and the subsequent three-dimensional architecture analyses were completed using the associated software applications, as described previously (45) . This scanner is equipped with a sealed microfocus X-ray tube, with operating power ranging from 20 to 100 kV (0 -250 A), and X-ray charge-coupled device (CCD) camera with a cooled 1,024 ϫ 1,024 pixels 12-bit CCD sensor. Briefly, the samples were scanned at X-ray source power of 45 kV/222 A, with spatial resolution of 5.63 m/pixel. The rotation was set at 0.9°/step for 180°. The exposure time was set at 2.2 s/step. The samples were wrapped with Parafilm (Pechiney Plastic Packaging, Chicago, IL) to prevent them from dehydration during scanning. The NRecon (version 1.6.1.3) was employed to perform the reconstruction following the scans. The CT-Analyzer (version 1.10.0.1) was used for analyses of three-dimensional architectural parameters and creation of threedimensional models. To measure trabecular bone volume/tissue volume (BV/TV), trabecular number (Tb.N), trabecular bone pattern factor (Tb.Pf), and structure model index, slices with 11.25-m resolution, corresponding to the volume from 0.26 to 2.26 mm below the growth plate in the femur, were reconstructed and analyzed using 3D analysis. Cortical bone volume/tissue volume, cortical bone volume, closed porosity, and open porosity were measured in slices with 11.25-m resolution corresponding to the volume from 2.62 to 3.39 mm below the growth plate in the femur.
For BMD (g/cm 2 ) and bone mineral content (BMC; g) measurement, the anesthetized mice were scanned using a PIXImus densitometer (Lunar; GE Healthcare, Madison, WI) at 0 and 2 wk after vehicle or PTH infusion. After scanning, the right femur and lumbar spine (L4 -L6) were measured separately for BMD and BMC.
Bone marrow cell culture. Mouse bone marrow cells were isolated as described previously (16) . Briefly, tibias and femurs from 8-wk-old WT, Pth Ϫ/Ϫ , and Pth Ϫ/Ϫ -Casr Ϫ/Ϫ mice were dissected free of soft tissue. The bone ends were removed, and the marrow cavity was flushed with ␣-minimal essential medium (␣-MEM; Gibco, Grand Island, NY) without serum by slowly injecting medium into one end of the bone using a sterile 25-gauge needle. Marrow cells were collected into tubes, washed twice with ␣-MEM, and cultured in ␣-MEM containing 10% heat-inactivated fetal calf serum (Hyclone, Logan, UT). Cultures were performed in 5-cm culture dishes (3 ϫ 10 6 cells·5 ml Ϫ1 ·dish Ϫ1 ). Cultures were fed every 2-3 days by replacing 80% of the medium with fresh medium. hPTH(1-34) (10 nM) was added at the beginning of the culture and with each medium change. Cells for TRACP staining were fixed on day 7 of culture with PLP fixation for 10 min. Cells for testing gene expression were collected in TRIzol Reagent (Invitrogen Life Technologies, Calsbad, CA).
TRACP staining and real-time PCR were performed as described later. Osteoclast-like cells were defined as TRACP-positive multinucleated cells that contained greater than three nuclei.
Real-time RT-PCR. Total RNA was isolated with TRIzol reagent from humeri of 12-wk-old WT, Pth Ϫ/Ϫ , and Pth Ϫ/Ϫ -Casr Ϫ/Ϫ mice infused with PTH or vehicle and from PTH or vehicle treated-bone marrow cells from WT, Pth Ϫ/Ϫ , and Pth Ϫ/Ϫ -Casr Ϫ/Ϫ mice. RNA was reverse-transcribed into complementary DNA (cDNA), as described previously (50) . Real-time RT-PCR analyses were performed in a final volume of 20 l in a StepOnePlus Real-Time PCR System (ABI, Carlsbad, CA) for gene expression. The reaction mixtures contained 10 l of Fast SYBR Green Master Mix (ABI), 1 ng/l of each primer, and 5 l of cDNA template and were amplified in a StepOnePlus Real-Time PCR System. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA was used as a reference transcript for quantitative analysis of mRNA encoding runt-related transcription factor-2 (Runx2), the Wnt target gene naked cuticle 2 homolog (Nkd2), PTH1R, TRACP, OPG, and RANKL mRNAs. Primers and PCR cycle conditions were as reported previously for mouse Runx2 (41), NKD2 (2), TRACP, RANKL (18) , OPG (28) , and GAPDH (50) .
Statistical analysis. All data are presented as means Ϯ SE. Studies were analyzed by two-way ANOVA using Sigmaplot 11.0 (Systat Software, Chicago, IL), including the main effects for animal genotypes (Pth Ϫ/Ϫ and Pth Ϫ/Ϫ -Casr Ϫ/Ϫ ) and treatment (vehicle and PTH infusion) plus interaction between animal genotypes (Pth Ϫ/Ϫ and Pth Ϫ/Ϫ -Casr Ϫ/Ϫ ) and PTH treatment. And then one-way ANOVA Each value is the mean Ϯ SE (n ϭ 8/genotype). Symbols indicate significant changes using 1-way ANOVA, as described in Statistical analysis. *P Ͻ 0.05 and **P Ͻ 0.01 compared with vehicle-infused mice of the corresponding genotype. ϩP Ͻ 0.05 and ϩϩP Ͻ 0.01 compared with vehicle-infused WT mice. #P Ͻ 0.05 compared with PTHinfused Pth Ϫ/Ϫ mice. $P Ͻ 0.05 and $$P Ͻ 0.01 compared with PTH-treated WT mice. The scale bars represent 500 (A and B) and 125 m (C). Arrows in B point to osteoclast and osteoid. Results of 2-way ANOVA using genotype (Pth Ϫ/Ϫ and Pth Ϫ/Ϫ -Casr Ϫ/Ϫ ) and PTH infusion treatment (vehicle and PTH infusion) as main effects: ALP: genotype, P ϭ 0.001; PTH, P Ͻ 0.001; genotype ϫ PTH, P ϭ 0.003. N.Ob/BPm: genotype, P ϭ 0.125; PTH, P ϭ 0.001; genotype ϫ PTH, P ϭ 0.001. N.Oc/BPm: genotype, P ϭ 0.01; PTH, P Ͻ 0.001; genotype ϫ PTH, P ϭ 0.001. OV/BV: genotype P Ͻ 0.001; PTH, P Ͻ 0.001; genotype ϫ PTH, P Ͻ 0.001.
(SPSS statistical program version 15.0; SPSS, Chicago, IL) was used to compare the differences among treatment (vehicle and PTH infusion) within each genotype (WT, Pth Ϫ/Ϫ , and Pth Ϫ/Ϫ -Casr Ϫ/Ϫ ) or the differences among genotypes (WT, Pth Ϫ/Ϫ , and Pth Ϫ/Ϫ -Casr Ϫ/Ϫ ) within treatment (vehicle or PTH treatment). Differences among PTH treatment within each genotype or differences among genotypes within vehicle or PTH treatment were determined by the Bonferoni post hoc test when variances were equal and by Tamhane's T2 post hoc test when variances were unequal. Differences were considered significant when the P value was Ͻ0.05.
RESULTS

Biochemical changes in WT, Pth
Ϫ/Ϫ , and Pth Ϫ/Ϫ -Casr
mice. After infusion of hPTH(1-34) for 2 wk, circulating levels of hPTH(1-34) reached ϳ200 pg/ml, with no significant difference among the three genotypes (Fig. 1A) . We have reported previously that endogenous mouse PTH(1-84) in wild-type mice, using a two-site enzyme-linked immunosorbent assay, is ϳ30 pg/ml (37) (Fig. 1E) . Bone turnover in cortical and trabecular bone. In cortical bone, the ALP-positive area, osteoblast numbers, and osteoclast numbers were significantly lower in the vehicle-treated Pth Ϫ/Ϫ and Pth Ϫ/Ϫ -Casr Ϫ/Ϫ mice than in the vehicle-treated WT mice (Fig. 2) . After PTH infusion, ALP-positive area, osteoblasts, and osteoclasts were increased in all genotypes, but PTH infusion increased most parameters to a greater extent in Pth Ϫ/Ϫ mice than in WT and Pth (Fig. 2D  a-c) . Osteoid volume was increased in all three genotypes after PTH infusion, although increases were most prominent in (Nkd2; B) , TRACP (C), the ratio of receptor activator of nuclear factor-B ligand (RANKL) to osteoprotegerin (OPG; D), and type 1 PTH/PTH-related protein receptor (PTH1R; E), as described in MATERIALS AND METHODS. Messenger RNA expression was calculated as a ratio relative to the GAPDH mRNA level. Each value is the mean Ϯ SE (n ϭ 8/genotype). Symbols indicate significant changes using 1-way ANOVA, as described in Statistical analysis. *P Ͻ 0.05 and **P Ͻ 0.01 compared with vehicle-infused mice of the corresponding genotype. Fig. 3, B and D (c) ]. In trabecular bone, PTH infusion also induced an increase in the osteoid volume in all three genotypes, which was most prominent in Pth
Expression of genes related to bone formation, i.e., Runx2 and the Wnt target gene Nkd2, and expression of genes related to bone resorption, i.e., TRACP, RANKL, and OPG, were examined ex vivo. The results showed that, after PTH infusion, the expression of Runx2 and Nkd2 was increased 1.5-and 3.8-fold, respectively, in both WT and Pth Ϫ/Ϫ -Casr Ϫ/Ϫ mice and 2.5-and 5.5-fold, respectively, in Pth Ϫ/Ϫ mice (Fig. 4, A  and B) . TRACP mRNA was increased 1.5-fold in both WT and Pth Ϫ/Ϫ -Casr-Ϫ/Ϫ mice and 10-fold in Pth Ϫ/Ϫ mice after PTH infusion (Fig. 4C) . The ratio of RANKL to OPG mRNA levels also showed increases in all three genotypes after PTH infusion, but the ratio of RANKL to OPG increased two-to threefold in WT and Pth Ϫ/Ϫ -Casr Ϫ/Ϫ mice and sevenfold in Pth Ϫ/Ϫ mice (Fig. 4D ).
PTH1R gene expression was increased ϳ2.5-and twofold in vehicle-treated Pth Ϫ/Ϫ and Pth Ϫ/Ϫ -Casr Ϫ/Ϫ mice, respectively, compared with vehicle-treated WT mice. After PTH infusion, PTH1R mRNA levels were further increased about two-to threefold (Fig. 4E) .
CT analyses and BMD. After continuous PTH infusion, CT analysis of the cortical bone of the femur (Fig. 5A) revealed that cortical bone volume relative to cortical volume was decreased 5 and 8% in WT and Pth Ϫ/Ϫ -Casr Ϫ/Ϫ mice, respectively, but was decreased more dramatically (15%) in Pth Ϫ/Ϫ mice (Fig. 5B) . Moreover, the absolute cortical volume was decreased 6 and 7% in WT and Pth Ϫ/Ϫ -Casr Ϫ/Ϫ mice, respectively, but was decreased more dramatically (14%) in Pth Ϫ/Ϫ mice (Fig. 5C) . In cortical bone, continuous PTH infusion increased both closed porosity, reflecting intracortical resorption, and open porosity, reflecting endosteal resorption. The increase of porosity in cortical bone induced by PTH infusion was higher in Pth Ϫ/Ϫ than in WT and Pth ) and PTH infusion treatment (vehicle and PTH infusion) as main effects: BV/CtV: genotype, P ϭ 0.001; PTH, P Ͻ 0.001; genotype ϫ PTH, P ϭ 0.016. Cortical volume: genotype, P ϭ 0.029; PTH, P Ͻ 0.001; genotype ϫ PTH, P ϭ 0.049. Po(cl): genotype, P ϭ 0.003; PTH, P Ͻ 0.001; genotype ϫ PTH, P ϭ 0.003. Po(op): genotype P ϭ 0.002; PTH, P Ͻ 0.001; genotype ϫ PTH, P ϭ 0.021.
Pth
Ϫ/Ϫ vs. WT and Pth Ϫ/Ϫ -Casr Ϫ/Ϫ mice, 20 vs. 9.23 and 12%, respectively; Fig. 5, D and E) .
In trabecular bone of the distal femur, both trabecular bone volume relative to tissue volume (BV/TV; Fig. 6B, a) and Tb.N (Fig. 6B, b) were increased significantly in PTH-infused WT, Pth Ϫ/Ϫ , and Pth Ϫ/Ϫ -Casr Ϫ/Ϫ mice compared with vehicletreated mice of the same genotype. Levels were slightly but not significantly lower in PTH-infused Pth Ϫ/Ϫ -Casr Ϫ/Ϫ mice than in PTH-infused Pth Ϫ/Ϫ mice. Both Tb.Pf, an inverse index of trabecular bone connectivity, and structure model index, an estimate of plate-rod characteristics, were decreased after PTH infusion (Fig. 6B, c and d, respectively) , implying less disconnected trabecular bone and a more plate-like trabecular structure, respectively.
In the vehicle-infused control mice, increases in both absolute and relative femoral BMD and BMC changes were observed in Pth Ϫ/Ϫ and Pth Ϫ/Ϫ -Casr Ϫ/Ϫ mice after 2 wk. Continuous PTH infusion decreased femoral BMD and BMC significantly in all three groups; however, the decrease in both absolute and relative femoral BMD and BMC was 2.5-fold higher in Pth Ϫ/Ϫ mice than in WT and Pth Ϫ/Ϫ -Casr-Ϫ/Ϫ mice. In the lumbar spine, absolute and relative BMD and BMC changes were also increased in vehicle-infused Pth Ϫ/Ϫ and Pth Ϫ/Ϫ -Casr Ϫ/Ϫ mice, although absolute and relative BMD changes were decreased in vehicle-infused WT mice. The decreases in both absolute and relative BMD and BMC changes in WT, Pth Ϫ/Ϫ , and Pth Ϫ/Ϫ -Casr Ϫ/Ϫ mice observed after PTH infusion were not significantly different from each other (Fig. 7) .
Interaction of PTH and CaSR in vitro.
To examine the interaction of PTH effects and CaSR effects in vitro, we assessed the efficacy of PTH on osteoclastogenesis in bone marrow cultures in the presence or absence of CaSR. Bone marrow cells were isolated from WT, Pth . PTH decreased OPG mRNA levels by ϳ75% in all three genotypes (Fig. 8C, b) , and RANKL mRNA was increased significantly by PTH treatment (Fig.  8C, c) . RANKL mRNA was 1.5-and fourfold higher in PTHtreated bone marrow cell cultures from Pth Ϫ/Ϫ mice than from WT and Pth Ϫ/Ϫ -Casr Ϫ/Ϫ mice, respectively (Fig. 8C, c) . The ratio of RANKL to OPG mRNA was 1.7-and 4.7-fold higher in bone marrow cell cultures from Pth Ϫ/Ϫ mice than in those from WT and Pth Ϫ/Ϫ -Casr Ϫ/Ϫ mice, respectively, after PTH treatment (Fig. 8C, d ).
DISCUSSION
Continuous PTH administration has been shown to produce a primarily catabolic effect on bone and, in this way, to mimic the effects of excess circulating PTH in primary hyperparathyroidism. The predominant catabolic action of PTH has been reported to occur in cortical bone. In view of the fact that the majority of skeletal calcium resides in cortical bone, this is consistent with the role of chronically elevated PTH to mobilize calcium from bone to maintain calcium homeostasis. Our studies show that continuous PTH administered to wild-type and hypoparathyroid animals produced increased turnover in cortical bone, as demonstrated by histomorphometry. This increased turnover resulted in increased cortical porosity and loss of cortical bone volume, as demonstrated by microcomputed tomography. Inasmuch as femoral bone is comprised to a major extent of cortical bone, this was reflected in a decrease in femoral bone mineral content and density. This loss of cortical bone undoubtedly contributed to the increased serum calcium concentration observed at the end of the PTH infusion. The magnitude of the effects of continuous PTH administration on cortical bone turnover, increased cortical porosity, and loss of cortical bone volume in Pth Ϫ/Ϫ mice appeared to exceed the magnitude of the corresponding responses to continuous PTH infusion in the wild-type littermates. In previous studies with short-term infusions of PTH in humans, enhanced acute renal responses, including increases in nephrogenous cyclic AMP ) and PTH infusion treatment (vehicle and PTH infusion) as main effects: BV/TV: genotype, P ϭ 0.04; PTH, P Ͻ 0.001; genotype ϫ PTH, P ϭ 0.603. Tb.N: genotype, P ϭ 0.051; PTH, P Ͻ 0.001; genotype ϫ PTH, P ϭ 0.615. Tb.Pf: genotype, P ϭ 0.939; PTH, P Ͻ 0.001; genotype ϫ PTH, P ϭ 0.597. SMI: genotype P Ͻ 0.572; PTH, P Ͻ 0.001; genotype ϫ PTH, P ϭ 0.82. and phosphaturia, have been reported in hypoparathyroid vs. normal individuals (22) . However, systematic study of skeletal responses to PTH infusions in hypoparathyroid vs. normal humans or animals has not been reported previously. Our data showing that infusion of the same quantities of PTH(1-34) in all genotypes produced very similar steady-state levels of serum PTH(1-34) strongly suggests that altered clearance of PTH would not account for differences in responsiveness of bone to PTH in the different genotypes. We did not measure endogenous PTH in WT mice, which may be a limitation in assessing total PTH levels in our studies. Nevertheless, others have found that endogenous PTH is significantly but not totally suppressed by raising serum calcium in WT mice with a protocol similar to the one we used (17) . If total endogenous plus exogenous PTH was higher in WT mice than in the hypoparathyroid models, then this would further emphasize the increased sensitivity of the Pth Ϫ/Ϫ mice to PTH administration. Our data showed that PTH1R expression was increased in the hypoparathyroid mice, which may have contributed to increased skeletal sensitivity to PTH following chronic deficiency, although this does not exclude other receptor or postreceptor events that may contribute to this increased sensitivity. Furthermore, consistent with previous reports (24, 32), PTH1R expression was increased further after PTH infusion and was more markedly elevated in Pth Ϫ/Ϫ mice, possibly reflecting this increased sensitivity in the hypoparathyroid state. Increases in RANKL expression ex vivo and in vitro in Pth Ϫ/Ϫ relative to WT mice after PTH infusion are also in keeping with altered molecular events that may be a manifestation of increased skeletal sensitivity.
Although the major consequence of continuous PTH infusion (and of primary hyperparathyroidism), at least in adult bone, is enhanced resorption of cortical bone, several studies have also demonstrated a modest increase in trabecular bone (33, 44, 54) . Furthermore, osteoblastic expression of a constitutively active PTH1R induced a substantial increase in trabecular bone volume in addition to a decrease in cortical bone thickness (4) . This trabecular bone increase is most consistent with the fetal and neonatal skeletal functions of PTH. Thus, under conditions where mechanisms for maintenance of calcium homeostasis are very different than in the adult animal, i.e., in the fetus and suckling neonate, PTH appears to be primarily anabolic and is required for normal bone formation. Indeed, it is this function that is generally mimicked by intermittent PTH administration. In our current studies, increased turnover in trabecular bone along with increases in bone volume and trabecular number were observed, consistent with the anabolic effect of PTH. The absence of a significant decrease in lumbar spine BMD in Pth Ϫ/Ϫ mice after PTH infusion that was observed in femur may reflect the relatively large trabecular compared with cortical compartment in bones of the axial skeleton. Therefore, these observations reinforce the concept that PTH may simultaneously exert distinct effects on distinct skeletal compartments. In our studies, PTH also increased osteoid in the infused mice, and this might have been caused by the reduction in serum phosphorous induced by abnormally high levels of PTH (53) . Although the osteomalacia could have contributed to the reduction in BMD observed in these animals, BMD reductions in the femur were greater in Pth Ϫ/Ϫ mice than in Pth Ϫ/Ϫ -Casr Ϫ/Ϫ mice despite the fact that osteomalacia appeared to be more pronounced in the latter model. Consequently, increased bone resorption likely contributed very significantly to the reduced BMD in these models. Furthermore, it seems likely that the increased intracortical ) and PTH infusion treatment (vehicle and PTH infusion) as main effects: Femur BMD change: genotype, P ϭ 0.001; PTH, P Ͻ 0.001; genotype ϫ PTH, P ϭ 0.028. (%change: genotype, P Ͻ 0.019; PTH, P Ͻ 0.001; genotype ϫ PTH, P ϭ 0.002). Femur BMC change: genotype, P ϭ 0.042; PTH, P Ͻ 0.001; genotype ϫ PTH, P ϭ 0.032 (%change: genotype, P ϭ 0.059; P Ͻ 0.001; genotype ϫ PTH, P ϭ 0.014). Lumbar BMD changes: genotype, P ϭ 0.73; PTH, P Ͻ 0.001; genotype ϫ PTH, P ϭ 0.650; (%change: genotype ϫ P ϭ 0.825, PTH, P ϭ 0.001; genotype ϫ PTH, P ϭ 0.505). Lumbar BMC change: genotype, P ϭ 0.878; PTH, P Ͻ 0.001; genotype ϫ PTH, P ϭ 0.691 (%change: genotype, P ϭ 0.686; PTH, P Ͻ 0.001; genotype ϫ PTH, P ϭ 0.0.273).
porosity that occurred within mineralized cortical bone represented excess resorption rather than reduced mineralization. Increased bone resorption is also supported by the increased bone resorption noted histomorphometrically and in vitro and by the hypercalcemia that ensued after PTH infusion in vivo.
CaSR has been associated primarily with maintenance of calcium homeostasis, as has PTH. However, increasing evidence points to the role of important skeletal functions of this receptor. In our studies, genetic deletion of CaSR reduced PTH-stimulated bone turnover in cortical bone, impeded PTHinduced reductions of cortical bone volume, and reduced PTHinduced increases in cortical porosity. PTH-induced reductions in femoral BMD were thus mitigated. Ex vivo and in vitro studies demonstrated reductions of PTH-stimulated RANKL expression, and in vitro studies demonstrated reductions in PTH-stimulated osteoclastogenesis. Whether the in vitro decrease in RANKL is due to decreased numbers of bone marrow stromal cells or to decreased production of RANKL by such cells remains to be determined. In view of the fact that CaSR is expressed in many calciotropic organs outside the skeleton, including parathyroid glands, kidneys, and the gastrointestinal tract, deficiency in CaSR signaling and PTH responses in these tissues could have had significant impact on the skeletal phenotypes seen in the CaSR-deficient mice. However, our in vitro studies demonstrating reductions of PTH-stimulated RANKL expression and reductions in PTH-stimulated osteoclastogenesis were performed after 7 days in culture and are consistent with a cell-autonomous role for skeletal CaSR in modulating PTH-induced bone resorption. Furthermore, although CaSR deficiency in our model appropriately alters parathyroid and renal function, it has been reported that an exon 5-truncated, spliced-variant CaSR variant in our model could be partly functional in lung development (12) , in epidermal keratinocytes (31) , and in growth plate chondrocytes (39) . Our studies suggest that if a similar splice variant is partly functional in the CaSR in bone, complete elimination of this variant would produce an even more severe phenotype, i.e., more pronounced reduction in PTH-stimulated bone resorption.
Osteoid volume induced by PTH infusion was greater in Pth Ϫ/Ϫ -Casr Ϫ/Ϫ mice than in WT and Pth Ϫ/Ϫ mice, which might suggest a role for CaSR in regulating bone mineralization, and indeed, mice homozygous for targeted deletion of the CaSR gene manifest osteomalacia (5, 15, 45) . Nevertheless, elimination of the hyperparathyroidism in Casr Ϫ/Ϫ mice has been reported to normalize the skeletal phenotype (47) . Consequently, the precise role of CaSR in mineralization of bone remains to be clarified.
Our studies are in keeping with previous studies in CaSRdepleted adult mice and in studies using an allosteric activator of CaSR in adult mice, which indicated that CaSR could induce bone resorption. In view of the fact that [Ca 2ϩ ] e is a natural ligand for CaSR, [Ca 2ϩ ] e that is increased by PTH via en- and Pth Ϫ/Ϫ -Casr Ϫ/Ϫ ) and PTH infusion treatment (vehicle and PTH infusion) as main effects: no of OCL: genotype, P Ͻ 0.001; PTH, P Ͻ 0.001; genotype ϫ PTH, P Ͻ 0.001. TRACP: genotype, P ϭ 0.0259; PTH, P ϭ 0.003; genotype ϫ PTH, P Ͻ 0.001. OPG: genotype, P ϭ 0.47; PTH, P Ͻ 0.001; genotype ϫ PTH, P ϭ 0.066. RANKL: genotype P ϭ 0.042; PTH, P Ͻ 0.015; genotype ϫ PTH, P ϭ 0.001. RANKL/OPG: genotype, P Ͻ 0.001: PTH, P Ͻ 0.001; genotype ϫ PTH, P Ͻ 0.001. hanced renal reabsorption of calcium and via 1,25(OH) 2 Dinduced gut absorption of calcium might amplify PTH-induced cortical bone resorption. Thus, the degree of cortical bone resorption (a primary determinant of long bone fractures) in primary hyperparathyroidism may be modulated by the level of serum calcium per se acting via CaSR. This would be consistent with clinical reports that suggest that, when compared with primary hyperparathyroidism, bone loss and fractures may be less prominent in familial hypocalciuric hypercalcemia, a disease associated with increased circulating PTH and inactivating mutations of CaSR (1, 7, 23) . They may also bear on the efficacy of exogenous PTH as an anabolic agent in osteoporosis since the relative anabolic efficacy of intermittent exogenous PTH may be tempered by the degree and/or duration of hypercalcemia that ensues after administration. Finally, our studies may also be consistent with the clinical reports that suggest that calcium supplementation may predispose elderly individuals to hip fractures (8, 35, 46) .
In addition to its role in facilitating transplacental entry of calcium in fetal animals (21) , previous genetic studies have also suggested a direct requirement for CaSR in normal fetal and neonatal skeletal development (5) . Previously, we reported a skeletal anabolic effect for CaSR in neonates in association with daily exogenous PTH administration (43) . These studies suggest a skeletal anabolic role for CaSR in the fetus and neonate independent of its role of maintaining calcium homeostasis in adult animals. In the present studies, we found that genetic deletion of CaSR reduced PTH-stimulated bone turnover in trabecular bone and tended to impede PTH-induced increases in trabecular bone. The absence of an effect of CaSR deletion on PTH-induced changes in spine BMD may reflect the fact that lumbar spine BMD comprises the composite actions of PTH and CaSR on a relatively large trabecular compartment but nevertheless a substantial cortical compartment. Increases in expression of Runx2 and of Nkd2, a marker of Wnt activity, were lower in Pth Ϫ/Ϫ -Casr Ϫ/Ϫ mice than in Pth Ϫ/Ϫ mice. Consequently, PTH-induced anabolic effects in trabecular bone were modestly impeded in CaSR-deficient mice. Therefore, these results appear to be consistent with a role for CaSR in modulating PTH-induced bone formation, although additional studies in other models examining primarily the anabolic effects of PTH will be required.
